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Abstract. Magnetic susceptibility records of paleosols and
loess show high correlation with oxygen-isotope stratigraphy
of ocean sediments [Kukla, 1987], providing a global paleo-
climatic record. Different models have been put forth to explain
the nature and cause of susceptibility variations, but consensus
has not yet been achieved. Our low-temperature studies reveal a
secondary magnetite component in paleosols that is character-
ized by a higher Verwey transition (115K) than that for the
magnetite (100 K) in unaltered loess. The same shift in the
Verwey transition can be achieved by heating and cooling
loess samples. This is consistent with a new hypothesis that
the magnetic signal from paleosols may be produced by natural
fires in the past. Natural fire intensity is sensitive to the
amount of annual precipitation, so that increased fire-induced
susceptibilities should reflect an increase in the humidity of re-
gional climate.

Introduction

The mechanism of magnetic susceptibility (X) enhancement
in Chinese paleosol and loess has important implications for
the correct interpretation of paleoclimatic changes. Sus-
ceptibility enhancement is usually considered to depend on
humidity and annual temperature [An at al., 1993; Fassbinder et
al., 1990; Kukla et al., 1988; Maher and Taylor, 1988; Taylor
et al.,, 1987; Taylor and Schwertman, 1974; Verosub at al.,
1993], whereby a warm and humid climate generates high X
values of modern soils. A paleoclimatic indicator independent
of X is wind intensity as measured by relative 1°Be concentra-
tion [Beer et al., 1993; Heller et al., 1993]. 19Be concentration
in loess reflects at a first approximation the decrease in accu-
mulation rate of incoming loess (a dilutant) and is in good cor-
relation with the susceptibility record [Beer et al., 1993].
Insoluble 10Be attached to aerosols stays on the surface (0-
Icm) unless it is mechanically mixed in the soil (e. g., ants, il-
luviation). However, the sharpness of the 19Be transitions be-
tween loess and paleosol indicates that mixing is insignifi-
cant.

The pedogenically related X enhancement [e. g., Verosub et
al., 1993] should penetrate to a significant depth, for soil de-
velops to 20-200 cm depth within 1000 years, depending on
the difference between precepitation and evaporation [Buol et
al., 1989]. Because the effect of fire is restricted to the top 3
cm of the soil [Woodmansee and Walach, 1978], in principle it
can be distinguished from the depth-dependent ambient-tem-
perature formation of magnetic grains by pedogenesis. To il-
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lustrate this, consider that the time necessary for soil to reach
an equilibrium depth is less than 1,000 years [Thorpe, 1948;
Yaalon, 1983], depending on the difference between precipita-
tion and evaporation [Buol et al., 1989]. In our sample site,
Jixian (36° 10' lat, 110° 40' long) annual precipitation today is
about 550-600 mm, about the same as for the prairie soil in
central Missouri [Dahlman and Kucera, 1965], where the soil is
75 cm thick (50 cm of A horizon and 25 cm of B horizon). In a
cold and dry climate with strong winds accumulation of new
loess is too fast to allow soil to significantly develop. After
climatic change (see Fig. 1) soil would normally reach an equi-
librium depth of 75 cm within 1000 years if no accumulation
occurred. There is good evidence that accumulation of 3 cm per
1000 years did occur [Beer et al., 1993; Heller et al., 1993], in
which case the soil would reach its equilibrium depth not at 75
but at 72 cm after 1,000 years (see Fig. 1). If we further assume
that the warming of climate was abrupt, the pedogenically in-
duced X should steadily rise from the observed value of unal-
tered loess (~40 m3kg!) to a maximum for paleosol (~150
m3kg!) within 72 cm depth, while the surface was moving up
(curve b). Assuming that 1Be does not migrate below the soil
surface, the concentration of !°Be should abruptly increase at 0
cm depth, reflecting the change in accumulation rate after the
climate changed (curve a). In the figure, after 30,000 years the
climate abruptly switched back to a cold period with higher ac-
cumulation rates. The onsets and offsets of both 1°Be and pe-
dogenically induced X (curve a and curve b respectively) are
significantly different. However, if we take grass fires as a
cause of X increase during the warm period (curve c) both on-
sets of 10Be and X should correlate. This correlation is well es-
tablished by measurements of original !°Be isotope data of
Chinese loess [Beer et al., 1993; Heller et al., 1993].

Both high fire frequency and temperature of the fire have po-
tential to significantly influence the magnetic susceptibility
development. Lightning is a basic cause of fires in grasslands
[Komarek, 1971]. A mass of combustible fuel is provided dur-
ing periods of droughts [Rowe, 1969]. The formation of sec-
ondary ferrimagnetic minerals in soils as a result of heating by
fire has been well documented [LeBorgne, 1955; Longworth et
al., 1989; Mabher, 1986; Rummery, 1979]. As the climate be-
comes more humid both intensity and frequency of fire increase
[Woodmanse and Wallach, 1978; Kucera, 1978]; therefore, the
humidity increase should result in high X values related to a
large amount of newly formed ferrimagnetic minerals.

New magnetic observation

To distinguish between the secondary X enhancement and
primary magnetic component, we measured magnetic proper-
ties of Holocene loess and paleosol samples from Jixian (36°
10' lat, 110° 40' long) in China near Huang He (Yellow River).
The magnetic signal causing the susceptibility variation
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Figure 1. The model of paleosol development (see explanation in text). Curve a) on the right represents the observed 10Be iso-
tope variation reflecting mainly the change in accumulation rate. Curve b) shows a model of susceptibility variations induced by
low-temperature pedogenic processes occurring within the depth of solum. Curve c) is another model of susceptibility variation

reflecting the transformation by natural fire. Curves a) and c) schematically represent measurement correlation of Heller et al.,
1993.

comes from two different types of magnetite. One is carried by lower (100K) Verwey transitions, respectively. Immature pale-
loess, and the other is formed after the loess is deposited. osol shows both low and high Verwey transitions. The signal
These two types of magnetite were recognized by Verwey tran- coming from magnetite in paleosol samples indicates signifi-
sition measurements (Fig. 2a) [Verwey et al., 1947; Zuo et al.,, cant change in magnetite composition. The higher temperature
1990]. Paleosols and unaltered loess display higher (115K) and  of the Verwey transition usually represents pure stoichiometric
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Figure 2. a) The precise positions of the Verwey transitions for both the loess and paleosol are shown by plotting the thermal
gradient of the saturation isothermal remanent magnetization (SIRM). The maxima of the curves indicate the lower Verwey tran-
sition for loess and one higher for paleosol, respectively. Immature paleosol shows both low and high Verwey transitions. The
gradient was taken from the temperature dependence of saturation isothermal remanent magnetization that was acquired at temper-
ature 6K in a field of 5T. b) The figure shows origin of the high Verwey transition as a result of the loess heating. The loess sam-
ples were heated in air to different temperatures (300 °C, 350 °C) for about 10 minutes. The time required for heating to and cool-
ing from the final temperature was less than 5 minutes each.



magnetite with a smaller amount of impurities and vacancies
[Aragén et al., 1985; Mryahara 1972]. The parent material for
loess originated as a part of igneous and metamorphic pro-
cesses may have impurities as part of the mineral structure. The
purity of magnetite in soils can be the product of either the pe-
dogenic process [e. g., Maher and Taylor, 1988] or thermal
conversion of non-magnetic and antiferromagnetic forms of
iron by fire [Longworth et al., 1979].

Laboratory heating of loess samples showed that the Verwey
transition developed at the same position as in natural pale-
osols (Fig: 2b). We believe that the reducing process was initi-
ated by the burning of 1-2 % organic matter present after heat-
ing the dry sample up to 350 °C for about 10 minutes. A lower
temperature used in this experrment 300 °C, showed not only a
higher Verwey transition temperature but also a persistent sig-
nal from the low Verwey transition temperature that was gener-
ated probably by unaltered primary magnetite. At elevated
temperature some of the newly formed magnetites can quickly
oxidize to rnaghernite [LeBorgne, 1955]. Because the oxida-
tion process is fast at elevated temperature [Nishitani and
Kono, 1989], a portion of the newly formed magnetite can
completely oxidize to maghemite, suppressing the magnitude
of the Verwey transition. The degree of completeness of oxida-
tion of a poition of newly formed magnetite may explain why
the location of the Verwey transition is at high temperature,
because it is only the slightly oxidized (less than 1% of cation
deficiency) magrietite that can depress the temperature of the
Verwey transition [Aragén et al., 1993].

Temperatures 300 °C and lower commonly occur durmg grass
fires [Woodmansee and Wallach 1978]. As the soil suiface
slowly migrates upward, all of the accumulating material
should be affected by fires. Two to five fires occur in grasslands
in a given 10-year period [Hulbert, 1973; Rowe, 1969]. Studies
of charcoal in lake sediments show that major forest fires occur
every 30 to 80 years [Clark; 1988].

The demonstrated influence of combustion on Verwey transr-
tion and our discussion of the observed correlation between
10Be and X values suggest a fire-induced origin of the fine
magnetic fraction in paleosols.

Conclusions

The possibility of fire-induced X record of Chinese loess has
not previously been discussed, and our experimental data sug-
gest a significant production of pure magnetite by combustion
after laboratory heating of loess. Because the fire frequency is
controlled by annual precipitation [Woodmanse and Wallach,
1978; Kucera, 1978], fire-induced magnetic susceptibility
could be an essential part of paleoprecipitation modelling.

We also note that both 'OBe records and susceptibility varia-
tions in Luochuan indicate that susceptibility enhancement in
paleosols occurred near ‘the current soil surface. This is consis-
tent with our fire hypothesis.
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